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The solvation of aluminium (III) ion in water, dimethyl
sulfoxide and acetone mixed solvents has been studied by proton
nuclear magnetic resonance. The solvation process is rationalised
by a thermodynamic model. The coordination number distribution
of dimethyl sulfoxide and water molecules at DMSO: H2O mole
ratio 0.8 suggests a random solvation model in which the transfer
of a solvent molecule in or out of the solvation shell involves
no significant free energy change. Rates of proton exchange
between A1(OH2n(DMSO)m3+ and free soivent were mesaured by the
linewidth broadening of the free water signals as a function of
temperature. Activation enthalpies and entropies for the exchange
at various solution compositions were obtained. These exchange
rates and parameters are interpreted in terms of different
solution structures. A possibility of front side SN2 mechanism
for water exchange assisted by the proton transfer in these
systems is speculated.
The hydration number of aluminium in Al(NO3)3-H2O-CH3COCH3-
Na2C2O4 (or H2C2O4) with various concentration of oxalate ions
is found and the effects of oxalate ion on this value are discussed.
The unsymmetrical complicated patterns, arising from the complexed
water proton signals of Be (II) are interpreted in terms of contact
ion-pair formation. Preliminary results of proton exchange rate
constants and the activation parameters indicate different exchange
mechanisms at different solution structures.
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PART I. Nuclear Magnetic Resonance: Theory and method applied
to the stdv cation solvation in sclution.
I. THEORY (1)
A. Basic nuclear macinetic resonance theory
Spinning nuclei possess angular momentum hI and magnetic
moment. These two vector quantities are collinear and
expressed by:
= nI
where is the gyromagnetic constant, I denotes the nuclear
angular momentum measured in units of . When these nuclei
are placed in a static magnetic field H, the interaction energy
vi is:
W = - .H
if H=Hoz, the applied static field is along one direction z,
then
w = - zHo = - hHoIz .
As a consequence of quantization of nuclear angular momentum
the allowed values of Iz are m I= I 7 I-1,..., -I, and thus
w = -mI hHo .
Consider a nucleus with I= (i.e o hydrogen nucleus) the
possible values of mI is + and- , hence the two possible
values of W are ± hH0. These are termed nuclear Zeeman
energies. (Fig. 1)
Transition between the two Zeeman levels can be induced by
anelectremagne tic field of appropriate frequency o , corresponding
to a photon energy h o matches the energy level separation w,

















Figure 2. Simplest block diagram of the NMR spectrometer
used in the experiment.
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This is the fundamental condition for nuclear magnetic
absorption, for proton the value of Y is 2.68x104 sec-1gauss-1
if a static magnetic field of 14K gauss is applied, the matching
electromagnetic field will be 601MHz (106 cycle/sec).
Fig.2 is the simplest block diagram of the NMR spectrometer
(JEOL C-60HL) which was used throughout our studies.
B. Bloch' s eouations and the steady state solution
The interactions of magnetic nuclei in a magnetic field are
described by Bloch's phenomenological equations. The time deriva-
tive of angular momentum of a system is equal to the torque which
acts on the system:
therefore
If we write the macroscopic nuclear magnetization M,
then
in a static field H = Hoz at thermal equilibrium only the com-
ponent along the field direction exists:
where Xo is the volume macnetic susceptibility.
Suppose the euilibrium condition is disturbed by introducing
another rotating field, the Mz value will depart form the equilibrium
value Mo and approaches Mo at a ratE
1
T1 is called longitudinal relaxation time (or spin lattice re-
laxation time).
The latter term arises from the interaction not included
in the magnetic field, that M will relax with the environment
4to the equilibrium value Mo.
Similarly (2)
(3)
where T is called the transverse relaxation time (or the spin-
2
spin relaxation time) which related the decay of transeverse
component Mx,My to thermal equilibrium value, zero. Equations
(1), (2), (3) are called Bloch's equations. The combination
of the static and the rotating field is:
Note that the oscillating RF field of constant amplitude
H1 is rotating in x,y plane in order for transition to occur.





If we transform the N1X, NV into a rotating coordinate system
with angular velocity -w about the z axis, then the new coor-
dinates (U,V) can be found from the following matrix relaticn:
-sinwtcosw t
-cos Htsinwt
where U is the in-phase component of M referring to the
rotating H.J. and V the out-of-phase component.
Substitute this value into (4), (5), (6), the Bloch's






+ ( W o - W ) V = 0 . . . . . . . . ( 7 )
- ( W o - W ) U + W 1 Mz= 0 . . . . . . . . . . . . ( 8 )
dM z Mz - Mo
dt T - W 1 V = 0 . . . . . . . . . . . . . . . . . ( 9 )
Putting the time dericativesequal to zero , the steady - state
solutionf ( 7 ) , ( 8 ) , ( 9 ) can be obtained.
U = Mo
r H 1 T 1 2 ( Wo- W )
1 + T 2 2 ( Wo- W ) 2 + r 2 H 1 2 T 1 T 2
V = - Mo
H 1 T 2
1 + T 2 2 ( Wo- W ) 2 + r 2 H 1 2 T 1 T 2
Mz = Mo
1 + T 2 2 ( Wo- W ) 2
1 + T 2 2 ( Wo- W ) 2 + r 2 H 1 2 T 1 T 2
Transformingthe U , V terms into Mx , My , the three components
of M ( Mx , My , Mz ) can be experessedin termsof M 0 , H 1 , T 1 , T 2 ,
Wo and W .
C . The relaxationprocesses.
After a sudden disturbancein the magnetic field , the magneti -
zation M of the system will appoach its equilibrium value that
the decay of Mz will follow a first order kinetic to its thermal
equilibriumvalue M 0 :
dMz / dt = ( Mo- Mz ) / T 1
and Mx , My decay to zero :
dM x / dt = - Mx / t 2 ; dM y / dt = - My / T 2
T 1 is the spin - lattice ( longitudinal) relaxationtime and
T 2 the spin - spin ( transverse) relaxationtime . These two terms
6as they are designated, characterizesx the two relaxation processes.
By definition Mz is the sum of all Uz component per unit
volume, it can change only if some dipoles change their spin
state, corresponding to a change in mI. This can be accomplished
by an exchange of energy with the neighbour "lattice" besides
the interaction with the magnetic field. Therefore the exobange
energy is accomplished by lattice-induced transition between spin
levels. T1 is the time which characterizes this relaxation pro-
cess and serves as a measure of the rate with which the spin
system comes into equilibrium with its environment.
The spin-spin (transverse) relaxation T2 is the lifetime
for the loses of phase coherence of the magnetization that in
this time Mxy decays to zero. In this process a nucleus in
upper state transfers its energy to a neighbouring nucleus of same
kind by mutual exchange of spin, therefore does not change the
magnetic energy of the system. No energy needs to go out of
the spin system for spin-spin relaxation to occur.
Applying the steady state conditions in slow pas sage case,
the time derivatives in Bloch's equations may be set equal to
zero. The resonance signal is the result of two opposing tendencies;
the effect of H1 for the transition between spin sate and the
effect of relaxation processes which dephase the spins, This
opposition causes the absorption of energy to take place over
a range of frequencies, giving the NMR line a finite width
which is related in a simple way to the value of T2. This
relation can be derived from the solution of Bloch's equations
with some simplifications:
7
The rate of energy absorption by the nuclear spin system
is:
which is maximum at w=wo; the half-width of the resonance at
half-power is:
therefore 1/T2 is a measure of the line-width.
D. The absorption intensities.
By Faraday's law the voltage induced in the receiver coil
(signal strength) is proportional to the rate of change of moment
induced in v direction.
therefore the observed signal (absorption signal) for the out-cf-
phase component of the induced emf is proportional to:
Integrating this term yields the area under the absorption
signal.
where the static susceptibility, and
N is the number of magnetic nuclei present.
Thus the areal intensity of a NMR absorption signal, under
some limiting conditions, is proportional to the concentration
of nuclei which produce the signal. This can be achieved if H1
8is low enough to avoid the saturation conaitione lne dUUL LJ U1i
factor (Z= (1+r2H1 2 T1 T2)-1) depends on the values of T1 ,and
T2 which differ for chemically different nuclei of the same
species and causing the measurement of.relative areas in error.
This can be minimized if the H1 and the sweep rate are kept low
(see latter discussions in more details).
E. The line-width broadening
In previous discussion, Bloch's equations are expressed as:
H.M. McConnell has modified these sets of equations to describe
the magnetic resonance of a single nuclear species X being tran-
sferred back and forth between (or more) magnetic environmr-nts (A, B)
by kinetic molecular process. U, V, M can be written as the
sum of the contributions of A and B systems.
Thus the modified Bloch's equations are:
9
are the first order life - times for X in A and
where
respectively, K A , M B are the equilibriumz direction magnetization
0 0
of X in A and B , 1 = r H 1 and
where T 1 A and 2 2 A are the spin - lattice and the spin - spin rel . axatior
time of X in A , and similardefinitionsapply for 1 B and and 2 B .
T hese modified B loch ' s equations involve the usual assumptions
of B loch ' s theory and , in addition, require( a ) the X nuclear
relaxation time be independent of the molecular exchange rates
and ( b ) X nuclear magnetizationin A relax independentlyof X
magnetizationin B , and vice versa . T hese equationsare solved
as the steady state is establisheduring the slow - passage of
the sweepingfrequency( or field ) .
I n 1 9 6 2 S wift and C onnickin their study of NMR relaxation
mechanismof 1 7 c in aqueous solutions of paramagneticcations ,
extended the above treatment to a more general three species case :
( 1 0 )
(11)(12)
whereG a = U a - iva is the complexsum for U and V . ab is the
life - time for exchangeof the nucleus from a to b environment.
( similardefintionfollowsfor G b , G c - and bc etc . ) and
In this system the nucleus are observed in three different
environments a, b, c, with a species being much more abundant
than b or c. Solving (10) 7 (11.), (12) for Ga yields:
andsince
The observed signal is near the resonance signal of pure
a, the total signal is given to a very good approximation by
Ga, i.e. G(= Ga+Gb+Gc)= G
For special case only a-- b and a-- c exchange are perlrmitted,
all terms containing Tbc and cb disappear. Clearing the denominator
of the imaginary terms yields ds for V:
Except for the second term in the denominator, all terms are
frequency independent in the region of interest because either wj
is large and varies little on a percentage basis over the freauc:,
11
range or so small that its contribution is negla.g1US(. 11:C.
V will be maximum at the frequency where the second term in
the denominator is zero. Therefore the half-width at half-
height l/T7 will be:
This equation shows that the line-width broadening, which
is designated by 1/T2- '1/T 2a, the net increase in half-width
at half-height, should contain all the relaxation effects:
F. Chemical exchange rate by line-shape analysis
Chemical exchange rate can be determined from high resolution
NIOR by using computerized, complete line-shape fitting method
which includes all the scectral complications based on the
Bloch Is equations. Plots were obtained for a series of exchange
rate, line--widths and shapes of the peaks and compared with
the experimental spectra to give the best fit. A simpler model
proposed by Swift and Connick 3 i s to consider the limiting
cases of the temperature effect.
For aqueous solution containing one type of cation the
line-width broadening term derived in the previous section
becomes
The limiting cases concerning exchange and relaxation are:
12
(1)
where 1/T2 1/TG 1/TL a, 1 J4 is the mole fraction of the
predominent solvent molecule in the solvation shell, which
can be shown to be equal to:
for dilute solution where P is small H20-1=pmm-1
This case refers to the relaxation occurring through a
change in the pressional frequency, and is fast that l/T2' is
controlled by the rate of chemical exchange.
(2)
In this case the chemical exchang,j is rapid that 1/T2 is
controlled by the rate of relaxation through the change in
precessional frequency.
(3)
Relaxation by T2M is fast, 1/ 12' is controlled by the rate
of chemical exchange o
(4)
Chemical exchange is rapid, 1/T2' is controlled by the
T2 Tai relaxation process.
These four cases indicate that by observing the line-width
variation of the bulk aqueous solvent signal as a function of
ter:perature, 'TM value can be related from transition state theory
13
where H3 and S are the enthalpy and the entropy of activation, k
the rate constant for the pseudo-first-order exchange reaction.
Therefore kinetic parameters can be determined by analyzing the
change of line-shape with the variation of temperature
14
II. Cation solvation in solution: NMR method and applicatich
A. Solution structure and its effects on NMR signals.
The classical theoretical treatment (4) for solution is
based upon two simple assumptions, namely, the mobility of the
solute -articles as the gaseous molecule, and solvent as an
inert continuous medium that provides a space for the motion. of
solute particles. In dilute solution solvent molecules are in
large excess comparing tothe solute and the intermolecular
distance between the solute particle is large, therefore the
thermodynamic properties of the solution system are independent
on the structure of the solution and the size of the solute
molecules. In concentrated solution the case is different.
For electrclyte solution the solvation of ions generates two
effects on the solution property. Firstly, the solvation process
decreases the amount of free solvent molecules, enhances the
effective volume of the ion, causing a drastic change in static
(e.g. activity coefficient) and dynamic (e.g. electric conductivity)
properties of the electrolyte. Secondly, the solvation of the
charged ion leads to a breakdown of solvent structure, reorients
the polar solvent molecules and changes the dielectric constant
immediately in the vicinity of the ion.
The term solvation includes the total effect produced by
introducing the ion to the solvent. Bockris(5) divides solvation
into two regions, designated primary solvation and secondary
solvation. Primary solvation refers to some s to ble combinations
of ion and solvent molecules, and secondary solvation refers to an
15
electrostatic interaction with the solvent not included in
the primary solvation.
Nuclear magnetic resonance has been found to be a powerful
tool for the study of the properties of electrolyte solution (6).
Since the resonance frequencies are determined by the electronic
environment surrounding a nucleus due to magnetic screening
by the electron cloud, the effective magnetic field experienced
by a given nucleus is dependent upon the electron density
associated with it, and hence directly affected by the nature
of the bonding within the molecule. Change in electron density
causes the effective magnetic field to be altered, and shift
of resonance frequency is then observed. An ion in solution
causes an external perturbation in electron density around
the solvent molecules by forming chemical bonds between the ion
and the solvent molecules in primary solvation shell, or by
electrostatic interaction in some particular fashion in the
secondary shell. Such changes produced by ion cause the resonance
frequency of the solvent shifts to a higher or lower magnetic
field relative to pure solvent signal. Much significant infor-
mation of chemical wealth, i.e. effect of ions on the solvent
structure, extent of solvation, extent of solute-solvent inter-
action and solvation number of the ions, can be conveyed from
the measurement of the shifts.
In solution containing diamagnetic ions the observed shift
of the solvent is determined by the polarization effect a
combination of the ion size and charge. The degree of solvent
polarization measures the strength of the electrostatic inter-
16
action between solute and solvent . Structure - breaking or
making effect produced by the ion is another factor on the
resonance frequency shift . In paramagneticsalt solution , the
interaction between the unpaired electron of the ion with solvent
nuclei results in the contact shift .
Cation has a more pronouncedeffect on the shift of re -
sonance frequencyof solvent than anion . Shoolery and Alder ( 7 )
showed that the ion in the aqueous solution causes the water
solvent resonance frequency shifts by two ways , polarization
of water molecules and structure breaking of the water hydrogen -
bond network . The interaction between a cation and a water
molecule through oxygen atom produces a shift in electron density
away from the protons leaving it less shielded by the electrons ,
therefore the resonance occurs at a lower magnetic field strength
relative to pure water . The attraction of the proton of the
water for the anion , causing the electron density around the
hydrogen atom shift towards oxygen atom owing to repulsion , also
produce the same logy field shift effect for the proton resonance .
But the water proton might become embedded in the electron
cloud of the large anion , thereby becoming more shielded and
resonating at a higher field relative to pure water signal .
Two effects for the anion case are opposing , causing a less
extent of shift produced by the anion . Structure - breaking
produces a higher field shift due to the increase electron
density around the proton as a result of hydrogen - bond weakening
B . Effect of temperatureon NMR signals .
At room temperature only one water proton magnetic resonance
17
signal in aqueous system is observed , indicating the extremery
fast exchangeof H 2 O moleculesfrom one state to another , and
the observed chemical shift is an average of all the states
Rapid exchange at high temperature leads to a complete collapse
to a sharp " exchange- narrowed" signal centered at an average
frequency of two different environmentsites , namely , the
water molecule in the " primary shell " that complexedwith the
cation and the free bulk water . The dependenceof the line -
shape on the exchangerate of the jumping spin can be satis -
factorily predictedby the modified Bloch ' s equations( 8 ) .
It is found that the sharp exchange- narrowedline of high ex -
change rate broadens to a flat - topped line at a slower exchange
rate . If the exchange rate can be slowed down sufficientlyby
lowering the temperatureor by other means for the system ,
sharp separated signals for the solvent at different environment
can be observed, , Fig . 3 shows the variationof v , ater proton
signals arising from the water hydration in the gallium nitrate -
aqueous- acetonesolutionin mole ratio 1 : 20 : 10 as a IF unctio n
of temp erature o Note that at room temperatureonly one sharp
signal is observed. At sufficientlylow temperature( - 55 ° C ) ,
well - separate complexed and bulk water proton signals appear
and the measurementof shifts , intensities and other parameters
is feasible .
C . Determinationof cation coordinationnumber by direct peak
integration .












F i 9 3. Variation of water proton Mat's si gr als at




areal intensity of an absorption line is proportional to the
number of nuclei contributing to resonance. At the slow passage
condition, the maximum absorption peak height, Imax is expressed
as
wHere T is the absolute temperature, and K the proportzonailty
constant. The areal intensity can be obtained by integrating I
where R is the sweep rate(= dH/dt).
Low integration accuracy and time consuming are the draw-
backs for measurement slow passage because the accuracy of the
integrals as a measure of intensities will depend on the linearity
of the sweep therefore the choice of compromising sweep rate
is necessary.
If the sweep rate is sufficiently large, the expression
for A(t) can be rewritten as:
thus in scanning the NMR spectrum, the measured areal
intensity is smaller than the real areal intensity to an equal
extent with respect to each absorption signal.
The areal intensity of the absorption signal can be ac-
curately measured by electronic integrator. Thus under appropriate
conditions the exchange of the magnetic nuclei between two
or more) different environmental. sites, for example, the solvent
molecules ccmplexed with the cation in the first coordination
sphere (primary shell) and the bulk solvents, separated sienals
appearo Comparing the integrated area of separated signals
and the stoichiometric cation to solvent mole ratio, the co-
crdination number of the cation can be obtained:
Coordination number (No 0 of solvent molecules complexed to
cation in primary solvation shell)
(Areal intensity of the complex peak) solvent





This direct peak integration method is applicable for the system, s
containing small size multicharge cation such as Al(IIT), Be(II),
Ga(III) etc. Extremely fast exchange still causes a kinetic
problem in the application of the NTI4iR method, fast relaxation
and complex spin-spin or spin-quacrupolar interaction broadens
the li ne--width and hinders the peak intensity measurements
Cation with low positive charge does not give the solvent a
perminent shift, as a result serious overlap of complexed and
bulk signals makes the integration unfeasible,
D. The necessities of study in mixed solvent systems.
The study of solvation phenomenon in aqueous systems by
NMR method is seriously obstructed by the overlapping of the
very broad complex and bulk water signals and the freeze




systems, for example, the aqueous acetone system, the presence
of acetone makes the study feasible. The presence of acetone
contributes at least three advantages
1. Decrease the hydrogen bonding in bulk water, causing the
signal shifts to a higher magnetic field thus the complexed Grad
the bulk signals are much sharper and further apart.
2. Permit the attainment of much lower temperature for study, for
example, highly concentrated aqueous solution of Mg(II) freezes
at about -60 C. the lower temperatures(-80 to -90 C) needed to
slow the proton exchange rate to permit observation of bulk
and complexed signals are readily achieved in water acetone mixture(10
3. Lower the viscosity of the medium, slow down the proton ex-
change further, Matwiyoff and coworkers reported the lability
2+of the ligarnd in solvation shell follows the sequence Mg (CHI) 6 2+
in aqueous solution Mg (0H)6 2+ in aqueous acetone mixture (11)
Y 2
If there is enough amount of water molecules to form
solvation sphere, no resonance signal is observed for complexes
acetone. Fratiello and Schuster pro osed three possibilities
for the explanation (12) First, if the exchange of acetone
molecules between the two environments is very fast, only an
average resonance signal will result. Second, the separation
of bulk and complexed acetone signals may be too small to permit
signal resolution. Finally, acetone molecule may not solvate
the cation to any appreciable amount in the presence of water
However, the value of six found for contribution of water
molecules to the solvation shell of the Mg2+ ion in aqueous
acetone indicates that the last possibility is more likely.,
22
The inability of acetone to compete with water in the
primary solvation shell of the cation may be due to the lower.
coordinating ability, which is parallel with the relatively
weaker basicity of acetone. The acetone in mixed solvent
systems thus plays a role as an inert diluent which casts a
kinetic effect but does not take part in the solvation process.
Be Thermodynamical model for cation solvatior.e
In 1970, T.R. Stengle and coworkers utilizing the effect
of paramagnetic solutes on the transverse relaxation time of
solvent nuclei, to study the solvation of tris-acetyl acetone
complex of Co(III) and Cr(II), devised a thermodynamical model
for preferential solvation(13) .
If J is the solvation number for an arbitrary cation, we
mix up a solution containing 1/J moles of solute, then the
solvation shell will contain 1 mole of solvent molecules regard-
less of its composition. In the beginning N moles of a mixed
solvent containing xr l iele Tract: of A and xB of B and add`A
to it 1/J moles of pure solute, the solution process causes
n mole of A and nB moles of B to be transferred from the bulkA
to the solvation shell phase. The composition of the salvation
shell is nA+ nB= 1e As the solvation shell is established, the
bulk phase consists of. Y..AN A-nA moles of A and xBNB-nB moles of
B. The change in free energy for this process is:
G =G- TS(configuration)
T S
where G= n H H+ nB HB-nAT SA (thermal)- nBT SB (theme mal)
HA: molar enthalpy change associated with the transfer of
solvent A from bulk to salvation shell phase
23
(thermal):all entropy changes for Amolecules other than
those due to the composition of the two phases.
imilar definitions hold for solvent B.
Define:
thus (Configuration)
ssuming both bulk and complexed solvents obey the laws cf
regular solution, the configuration entropy is:
consists of:
Where S(configuration)
1.Bulk solvent before the solution process, i.e.N moles of
liquid composed of XAN moles of A and XBN moles of B.
2.Bulk solvent in final state, i.e. N- 1 moles ofliquid
composed of XAN-nA moles of A and XBN- nB moles of B.
3.Solvtion shell in final state, 1 moe of mixture composed
of nA moles of A and nB moles of B.






mole fraction of A in solvation shell
mole fraction of solvent A in bulk. phase
This thermodynamic model predicts a simple relationship
between the composition of bulk. solvent and the solvation shell
along an isotherm:
F. Application of the peak integration method.
The coordination number and solvation properties in water
and aqueous solvent mixture have been determined by isotopic
dilution( 14), ultraviolet spectroscopy( 15), and other electro-
chemical and thermodynamical methods. The most direct and
precise method is the application of nuclear magnetic resonance
method. The NI`1R methods fail essentially into fur categories,
namely, transverse relaxation time measurement', chemical
shift displacement as a function of temperature (18719720) and
concentration or molal shift by the addition of paramagnetic ion
(21722) and the direct peak area measurement method. Among the
various methods the peak area measurement method is the one with
simplicity, reliability and unambiquity. 170 NMR technique has
been applied to determine the hydration number 23,4), this
method, although reliable and simple, is hampered by experimental
disadvantages. It needs to enrich the sample in 170 (from a
natural abundance of 3.7 x 10-2% to at least 1-2 i) and special
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instrument is required. Even with isotopic enrichment of the
samples, it gives a low signal-to-noise ratio, thus the accurecy
is serious affected.
The direct proton magnetic resonance method has proved to
be well-suited for the measurement of cation coordiantion number
(10,11,25,26) It includes all the advantages in 17o technique
and avoids the disadvantages listed above. Hydration number
and proton transfer between hydration and solvent water molecule in
aqueous solution of alumin1umchloride have been studied by
r ratiello and Schuster (25) and Takahashi (27) at low temperature.
Direct peak area integration yields the value of six for Al(III)
coordination number in this sys tme. The integration accuracy,
due to the much well-defined integration curve, is greatly
improved in the aqueous acetone system. Matwiyoff and Taube applying
the same method (26) determined the coordination number of Ng (II)
ion in aqueous, aqueous acetone and alcoholic acetone systems.
r. number of six, which was also found by r ratiello(10), is
obtained for Ilg(Ii. Hydration number for various diamagnetic
cations such as Al3+, Ga3+' In3+, Be2+, Mg2+, Sc3+ Y3+
Th4+(29,30) Sn4+, UO 2 2+ Zn2+(31,32,33) etc. have been deter-
mined in aqueous acetone system. In the case of Ga(C10 4)3 in
aqueous acetone mixture (10) line width of the complex peak is
about twice that of the bulk water peak, indicating a spin-spin
or spin-quadrupole interaction. A constant number of six is
obtained for Ga (C10 4) 3 over a wide concentration range. NMR
studies of BeC12 in aqueous acetone solution show that complexed
water signal exhibits unsymmetrical pattern. This pattern
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persists even when the solvent to cation mole ratio is large
(>25:1)(10). This precludes the Be(II) species containing
different number of water molecule in the solvation shell and
the ion would exhibit maximum coordination number. There is
controversy for the explanation of the spectrum at that time,
and one possible explanation is that the signals at different
field strength is due to the various field experienced by the
uneqivalent solvent molecules as a result of steric hindrance
exchange of the solvent molecule between bulk and solvation
shell phases of the small Be(II) ion.
In the GaC13-H20 acetone system contact ion pair formation
is involved(34,35). Cation hydration number is markedly dependent
on the dielectric constant of the solvent,
Hydration coordination number of 4, 2.4 and 2.9 for Sc3÷,
Y3+ and Tha+ respectively (nitrate) in aqueous acetone mixture
(low dielectric constant 20)(29,30) indicate intensive contact
ion pairing in these systems. Both in Sc3+ and Y3+ cases,
increasing water content increases the bulk water signal in-
tensity, but complexed water signal remainsthe same. The value
of 4 for Sc3+ is difficult to explain since Sc3+ is about the
same size with Mg(II) and Ga(III), which have coordination
number of six, both of them are diamagnetic with inert-gas
electronic configuration, therefore the chemistry should be
similar. It is rationalised that the Sc(III) has coordination
number of six, but as a result of contact-ion pairing, a
(30)
hydration number of four is observed Fractional hydration
numbers observed for Y3+ and Tn4+ indicate the possible presence
27
of differently hydrated cationic species in solution, and
the observed value is an average of them. This phenomenon
is more confirmative in the Th4+ solution spectrum, more
than one type of complexed water peaks appear, which are
dependent upon solvent composition. Fratiello and coworkers
suggested that one type of proton exchange is faster than the
other, as more acetone was added to lower the viscosity of
the medium, the signal was sharpened(29,30)
Hydration number, complex ion-pair formation and influence
of the first solvation shell by acid strength in the aqueous
acetone solution of uranyl ion (UO 2 2+) have been investigated
by this method (33). A number of four is obtained for this
cation, and in the presence-of nitrate or halide, intensive
contact ion-pairing causes a reduction of hydration number
from four to zero. Bidentate complexing of the NO3- ligand
in the primary solvation is suggested.
Both 1H and 119Sn NMR study of aqueous acetone solution
of Sn4+ have been carried out, direct signal integration
yielded an average cation hydration number of about two in
both the C1 and Br system (35). Recently, similar techniques,
1H and 115 In NfiiR are applied to investigate the hydration
and complex formation phenomenon of indium halide solution
in water-acetone mixture (36). The results are interpreted in
terms of indium hexahydrate and tetrahalide complexes, along
with additional species at higher concentration.
All these experimental results show the high validity of
the method and development of the experimental technique.
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Following the approaches of these experiments, we concentrated
in our project on the study of solvation properties of multi-
charges small cations, i.e. Al(III), Be(II), and Ga(III) in
mixed solvents (especially in water-dimethyl sulfoxide-acetone)
quantitatively.
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PART II. Equilibrium and Kinetic Studies of Cation Solvation:
Al(III) (Aluminium chloride and aluminium nitrate)
in water-dimethyl sulfoxide-acetone systems.
Ie Equilibrium Studies The coordination phenomenon studies.
. Introduction-.
Aqueous chemistry of aluminium cation: Aluminium ion is a
small trivalent cation with an ionic radius 0.51o(37) Due to
its high charge to radius ratio, it exerts a marked effect on
the properties of neighbouring solvent molecules. Using ultra-
sonic vibration potentials Zana and Yeager found that the partial
molar volume of Al 3+ in aqueous solution is -46.7 cm /mole at
room temperature (38) Flow adaption of the isotopic dilution
method was applied(14) to the aqueous solution of aluminium
salt showing the existence of the tight complex Al(OH2)63+ and
the exchange of water molecules between this complex and the
bulk solvent is slow. The octahedral Al(OH26) 6 3+ is quite acidic
due to the reaction:
the K a is 1.12 x 10-5(39). This simple acid dissociation model
is significant at low aluminium concentration.( 0.005 vF) (40)
Formation of stable dimer by association is significant at
higher concentration(41). This is expressed by:
H H 4
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The association constant K° is equal to 60M-1 and the hydrated
cyclic octahedral species (I) is predominant in the solution.
The solubility product of Al(OH)3 was .found to be pK sp=33 .5 (40),
therefore the aqueous aluminium solution is acidic enough (pH 3)
to avoid the turbidity caused by the hydroxide ion. The aluminium
hexahvdrate cation is stable and formation of contact ion pairs
in the presence of anions such as Cl, C1O4 and NO3 is neg-
ligible (4214).
Acetone, dimethyl sulfoxide and the aqueous mixture
Acetone is a colorless, non-toxic liquid which boils at 56.2°C
and freezes at -95.4°C. In pure liquid the dipole moment is
2.85 debye and dielectric constant is 21.4. It is completely
miscible with water and thus is used as a diluent for the
system to acquire lower temperature. Like acetone, dimethyl
sulfoxide is also a colorless liquid with a boiling point 189°C
and freezing point 18.5°C. It is strongly hygroscopic and
completely miscible with water. The dipole moment of the pure
compound is 4.03 debye and dielectric constant 46.4. The
sulfur-oxygen link is mainly a covalent double bond but con-
tains a minor proportion of polar-coordinated single bond
character that enables the sulfoxide to act as a strong proton
acceptors: The basicity of dimethyl sulfoxide is much stronger
than that of acetone. An estimate of ionic concentration in
1:1 mixture with water shows the OH is 0.8 x 10 10 in acetone
and 4 x 10-4 in dimethyl sulfoxide (43). The basic strength of
the dimethyl sulfoxide is comparable to that of water. DMSC
and water are very similar as far as their basic characters
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are concerned (44).
Coordination number determination and NMR studies for A1(III):
Cation coordination number of aluminium(III) in water, aqueous
solvent mixture and organic solvents has been determined by
the use of nuclear magnetic resonance technique. The value of
six for the A1(III) coordination number is obtained in these
systems. This is consistent with the results from other various
physicochemical methods. In aqueous system of A1(III), 17o
magnetic resonance studies C45 showed that the life time of
water molecule in the solvation sphere at 25 was 7.5 second,
and activation enthalpy and entropy for exchange of water-molecules
between the bulk and bound phases were 27 Kcal/mole and -22 eu
respectively, Although the exchange of water molecule is slow
enough to be observed by 17o NMR, the exchange of protons be-
tween free and bound water molecules is fast with an approximate
lifetime in the solvation sphere 5 x 10 sec. Therefore
separate proton resonance signals can be observed only when
the proton exchanges have been slowed down to such an extent
that increase by a factor of 103. Solvation number and solvent
exchange rate of Al(III) in dimethyl sulfoxide hire been studied
by proton magnetic resonance (46). The lifetime of a dimethyl
sulfoxide molecule in solvation sphere was 3.4 sec. at room
temperature and the activation parameters were H = 20 Kcal/mole
and S = 3.7 eu. These results are consistent with the
phenomenon that both the proton resonance signals from the
complexed and the free DMSO molecules arise at room temperature.
Due to its basicities comparable to water, DMSO competes
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efficiently to solvate the cation in the aqueous mixture.
Proton magnetic resonance study of aluminium(III) chloride
in water-DMSO solvent mixtures has been performed (47148).
The fraction of solvation number contributed by DMSO is obtained
at room temperature and the proton signals from that of water
at low temperature. In the mole fraction of -rater ranging
from 0.67-0.91, the aluminium(III) ion did not discriminate
between water and dimethyl sulfoxide, and the cation is pre-
ferentially solvated by water at water mole fraction approxi-
mately equal to 0.80 or greater and by dimethyl sulfoxide at
water mole fraction approximately equal to 0.75 or less. ion-
pair formation, which involves the chloride ion in the first
coordination shell of Al(III), is negligible even at very high
concentration of the aluminium salt. The amount of water in
the Al(III) solvation shell was found to increase with de-
creasing A1'C13 concentration (47) This was explained as re-
sulting from increased chloride ion-water hydrogen bonding as
the chloride ion concentration is increased(48). The nature
of competitive solvation of the DMSO and the water molecules
to the Al(III) cation is not clear and the present research is
concerned with the investigation of the solvation model of
Al(III) in aqueous-dimethyl sulfoxide-acetone systme by proton
NMR direct peak integration method.
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B. Experimental.
Materials. Deionized water was doubly distilled until
the resulting liquid gave a specific conductivity in a range
of 10-5 ohm -1m -1 or less. Dimethyl sulfoxide of best commer-
cial grade( Merck, for spectroscopy, minimum 99.7%) was
stirred in a closed vessel over powdered calcium hydride for
2 days and then distilled under reduced pressure( about 2Cmm rig
at 90°C). The first 15% and the last 15% portion of the dis-
tillate were discarded. The collected DMSO was checked by NNR
for impurity signals at large output amplitude( essentially
to detect for water since DMSO is hygroscopic). The stocked
DMSO was sealed in a flask and kept from contact with air.
Acetone of best commercial grade( Merck, for spectroscopy, mini-
mum 99.7% guaranteed) was used without further purification.
Sublimed anhydrous aluminium chloride( Fluka) was used to pre-
pare the A 1C13solution, and hydrate aluminiumnitrate( Al(N03) Merck, GuaranteedReagent, minimum98.5%) wasused to prepare the
Al(N03)3 solution.
Sample preparation. The anhydrous A1C13 was dissolved in
water using a dry-ice acetone bath to dissipate the heat evolved
The aqueous aluminium chloride solution was analysed by the
Volhard method. This is an indirect method to determine the
chloride ion by the addition of a measured excess of standard
silver nitrate solution to the sample and back-titration of the
excess with standard potassium thiocyanate solution. A stock
solution of about 2M A1C13 was prepared. The concentration of
aluminium nitrate solution was determined by the application of
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cation exchange resin. BDH 'amberlite' IR-120 (H) (AR Grade)
resin was dried in a warm place for one or two days and was
used for the packing of a column of heigh 30 cm and internal
diameter 25mm. The resin was treated with 2M hydrochloric acid
and then washed with deionized water. The washing process was
complete until the final 100 ml of effluent required less than
1 ml of 0.02 M sodium hydroxide for its neutralization using
methyl orange as indicator. The aluminium chloride which was
analysed by Volhard method was used as standard solution to
check the validity of the exchange column. The stock. solution
was diluted to 10 or 20 times and the acidic solution after
passing through the column was titrated with standard 0.1N
NaOH using phenolphthalein as indicator. Triplicate results
were obtained. The results from the two methods show agreement
within five parts per thousand. The densities of the stock
solutionswere measured with a Westphal balance. Thus all the
samples prepared were in weight-basis using the densities and
the concentration data. The more concentrated solutions were
prepared by reducing the volume of the original stock solution
in known weight by rotary evaporator. The temperature should
be kept below 70°C in concentrating aluminium nitrate solution
since it decomposes at higher temperature. In this way the
solutions of given grater to cation mole ratio (within solubility
limit) -were prepared. Water, acetone and dimethyl sulfoxide
were transferred by E-Mil green line microburettes (10 ml
capacity, tolerance± 0.01 ml). The densities of these liquid
were determined and the volume transferred was calculated from
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the required weight. All freshly prepared samples were trans-
ferred into Wi lmad thinwall NMR sample tubes (Imperial 507 pp)
and sealed. The pmr spectra of the sample solution were recorded
within 12 hours after preparation.
NMR Instrumentation. Proton NMR spectra were recorded
using the JELL JNM-C-60HL spectrometer equipped with a JES-VT-3A
Variable Temperature Controller. The oscillating RF frequency
is 60MHz and the modulation frequency 4KHz. The specifications
of the instrumentation were checked monthly. The resolutions
were kept.less or equal to 0.3Hz, the sensitivity was sufficient
to detect a 7 x 10 3 mol/litre signal (signal to noise ratio>30
for 1% ethyl benzene CH2 quarter). Spectral reproducibility
was shown by that the average deviation for five successive 5
minute sweeps was no more than 0.4Hze The system was kept in
external lock during the experiment. For studies under variable
temperature the Variable Temperature Controller controlled low
sample temperature with cold nitrogen gas generated from liquid
nitrogen in the dewar, and high sample temperature with heated
compressed air. This was controlled by a copper-constantan
thermocouple in the controller. The temperature ranged from
-170 to-+200, and the temperature stability was +0.5
In the low temperature case the temperature was monitored by
measuring the peak separations of methanol (-OH--CH3) and
in the high temperature case by measuring the peak separation
of the most down field and the central peak of the upfield
quintet of 1, 3-propandiol (-OH--2CH2). The integration
deviation was 0.86% and the integration error was 0.86% for
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the electronic integrator of the spectrometer (integrating
five times for 5% ethyl benzene in carbon tetrachloride).
Spectral Measurement. All spectral measurements were
recorded at 60MHz using field-sweep method. This was preferred
in the accurate relative intensity measurement since it pre-
cluded any change in radio-frequency level or phase with the
sweep(49). Integration of the signal was performed by measuring
the relative peak area integrated by the electronic integrator,
a minimum of five times for each area determination. During
the integration the sweep time was 100 sec (in other cases
250 sec for sweeping a sweep width of 9 ppm).
To take the water proton region the sweep width was narrowed
to 18 ppm (x2, 1080Hz) and in the DMSO region expanded to 1.8
ppm (x1/5, 108Hz). The carbon-13 satellite peaks were noted
to avoid from the integrated area of complexed DMSO signal.
Peak width and. separation were averaged from three measurements.
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C. Result.
The proton magnetic resonance spectra of a set of repre-
sentative aluminium nitrate water acetone solution as a
function of acetone composition are produced in Fig. 4. The
water signals (-OH region), bulk and complexed, and the
acetone signals are depicted the acetone signals (-CH region)
are located at about 180Hz upfield from the high field water
signal. Assignments of the bulk and complexed signals were
by Matwiyoff et al. (26)that the low-field 0-H signal
is assigned to the complexed water proton, i.e. water molecules
in the first coordination sphere of Al(III) ion, and the high
field one to waters at all sites outside the first coordination
sphere. This could readily.be seen that at a constant mole
ratio of Al(III): acetone, the areal intensities of low
field -OH signals relative to that of acetone remained constant,
and the high field one increased as the amount of water was
increased. The effect of variation of temperature.on the line-
shape was prorninant. The temperature (-42°C) on which the
experiments. were performed was far below the coalescence
temperature of the complexed and the bulk water signal. WJell-
defined absorption peaks were observed and direct peak inte-
grations were carried out. No solution-frozen problem was
encountered at this temperature. (Al(III): water mole ratio
from 1:20 to 1:40). In Table 1, the cation coordination numbers
of Al(III) in these systems are listed. Only one resonance
signal for acetone was observed in every spectrum, indicating
the solvation of Al(III) by this component was not occurring









Fi9 4. rroton magnetic resonance spectra of Al(NO3)
water acetone solutions of various compositions.
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Tah1a 1. Coordination number (hydration), n, of the A1(OH2)3+
n






































Number cited is the average of Live integrations The
error in these numbers is approximately ± 0.1.
The reproduced pmr spectra of the A1(NO3) 3-H20-DMSO-acetone
( 1:30:5:10, mole ratio) system are in Fig. 5. The acetone
signal (-CH3) is at upf field, followed by the free and the cor-
plexed DMSO signals which are respectively separated from the
acetone signal by about 35 and 50 Hz. Signals of water appeared
at much lower field (about 200 Hz from acetone )which are averaged
to a single signal at room temperature while DMSO signals from
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Fig 5.Proton magncLic rosoraice spectra of AI(N03)3-H20- DHISO- acetone solutions au
different tern pcraLurs.
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different sites appear at different field strength. At lower
temperatures the line-shape changed and complexed water proton
signal appeared at sufficiently low temperatures. The solvation
number of Al(III) for H2O and DNSO in .A1C13- H2O- DMSO- acetone
systems are listed in Table 2. The composition of the samples
was varied systematically. The range was limited by the solubility
of AIC13 in this ternary solvent system and the freeze problem
at high water (or DMSO) content. The variation of peak separations
for different compositions are listed in Table 3. The solvation
numbers and peak separations separations data in Al(N03)3- H2O -DMSO systems
are listed in Table 4 and 5 repectively. The values of A1(111)
in Al (NO3) 3- H2O -DMSO- acetone systems are listed in Table 6
and Table 7 respectively. At high content of DMSO and acetone the
solution was immissible at low temperatures, and the solvation
numbers shown in the Table for these compositions were obtained
by subtracting the DMSO solvation no. determined at high temper-
ature by six., Table 8 and 9 contain the data showing the effect
of temperatures on the solvation no, of water and UMSO and the
peak separations respectively. The DMSO and water mole ratios in
the bulk solvent( free) phase were plotted against the mole
ratios in the coordination shell (bound) phase. These values
are listed in Fig. 6, 7, 8 for different systems respectively.
Table 2 Solvation Number of A1(III) for H2O (n) and UMSU t m
in the A1C1.,-H2O-DMSO-acetone systems.
TotalTemp. Solvatior TempoSolvationComposition (moles,
o Coon0 Cno. DMSono. H20 CDNS O acetoneH2OAl
L
mn
-32 5.926.50.45.51 37.7 2.5 5
0.00.95.11 35.9 5 5
6.02.53.51 25 12.5 5
6.02.04.01 65 40 5
-29 6.00.35.71 50.-5 2.5 10
6.00.65.41 49.2 5 10
5.91.64.31 43.3 12..5 10
5.92.01 37.3 15 10 3.. 9
3.0 6.03.01 25 25 10
0.2 6.05.81 70.7 2.5 25
5.80.35.51 71.4 5 25
6.'15.3 0.81 69.7 12.5 25
0.81 74.5 15 25 5.1 o
4.3j 1 57.1 20 25 1.6 5.9
1 43.9 25 25 3.8 2.1 5 C
-501 89.1 2.5 50 5.9 0.2 6.1
5.91 92.3 12.5 50 5.3 0.6
1 92.7 15 50 5.1 0.8
4.41 84.4 25 50 106 6,0
4.01 92.3 40 50 1.9 o
Number cited is the average obtained from five integrations.
The integrations are carried out where the complex signals
are sharpest
Total Coon is the sum of n (H20) and m (DI DSO), the total
coordination number of the cation concerned.
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Table 3 Variation of the Chemical Shifts of the free and ccmplexed
water and DMSO signals with solution composition in
AlC13-H2O-DMSO-acetone systems at 60MHz.
(DMSO)DMSOH2O (H 2O)Composition B-CB--C(H 2
HzCOONC00N HzDMSOH.,O acetoneAl









0.2 19.7263(-29°C)25 5.870.7 2.51
19.80.32795.525571.41




320(-500C) 0.0250 5.989.1 2.51
303 0.65.3 2225092.3 12.51
2965.1 0.8 21.850Z 9207 15
2974.4 1.625 5084.4 23.51
4.0 29640 50 1.992.3 2 3041
B-C (H20) denotes the chemical shift of the bulk and the
complex water signals a.t the temperature cited. B-C (DNSO)
are for the DMSO signals.
21.4
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Table 4 Solvation Number of Al(III) for H2O(n) and DMSO(m)
in the Al(NO3)3 H2O-DMSO systems.
TetalTemp.SolvationTemp.SolvationSolution Composition









Number cited is the average obtained from five integration
Total coordination number for the Al3+ ion.
Table 5 Variation of Chemical shifts of the free and coordinated
water and DMSO signals in Al (NO3)3-H2O -DMSO systems at












Table 6 Solvation Number of Al(III) for H2O (n) and DMSO (m)
in the Al(NO3)3-H2O-DMSO-acetone systems.
TotalTemp.SoivationTempSolvationComposition
























**: Total COON means total coordination no. of Al(III).
*: Number cited is the average obtained from 5 integrations.
@: H2O solvation no. obtained by 6- mDMSO
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Table 7. Variation of Chemical Shifts of free and coordinated
water and DMSO signals in the Al(N03)3- 1120- iIv1SO
- acetone systems at 60 MHz for different solution




1.0260(--14.5°C5.01 30 5 5
1.8 20.92824.21 30 10- 5
2.5 21.81 30 15 5 2893.5
222.62943,31 30 20 5
2.6 22,23.4 3051 30 30 5
21.2 (24)1.05.0 282(-14.5)1 3 0 5 10
1.6 22.32904.41 30 10. 10
2.0 23.22941.3 0 15 10 4.0
2.5 242993.51 30 20 10
2ti2.63073.41 30 30 10
111 17.6(27.5)265 (-18)3.01 30 5 15
1.8 232894.21 3 0 10 15
2.0 2-3.82944.01 30 15 15
2.4 25.1310 03.51 30 20 15
307 2.7 261 30 30 15 3.4
2.0 23.8(2294(-18)1 30 15 20 4,0
2.3 25,230 3021 30 20 20
2.83 08 2 62 30 30 20 3 02
2.1 26.4(26.5)3.91 .5 U 1.13 .3 0
2.33.7 26.91 30 20 30
2.83.21 30 30 30 28.2,
3.62.41 30 20 40 27.6(26.5)
COMPOSITIONS.
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Table . 8 TemperatureIndependenceof AI ( III ) solvation shell
compositionin AI ( NO 3 ) 3 - H 2 O - DMSO- acetonesystems.
COMPOSITION
AI H 2 O DMSO acetone
Temp.
H 2 O Temp. H 2 O°C
COON
°C COON
1 30 5 5 - 14 . 5 5 . 0 - 24 5 . 0
1 30 10 5 4 . 2 4 . 2
1 30 15 5 3 . 5 3 . 5
1 30 20 5 3 . 4 3 . 4
DMSO DMSO
COON COON
1 30 20 5 24 2 . 6 36 . 5 2 . 6
1 30 30 5 2 . 6 2 . 6
1 30 20 10 2 . 5 2 . 5
1 30 30 10 2 . 6 2 . 6
Table 9 . Varitation of Chemical Shifts of bulk and complexed
signals with temperaturefor H 2 O and DMSO in the
AI ( NO 3 ) 3 - H 2 O - DMSO- acetonesystems.
COMPOSITION
AI H 2 O DMSO acetone
Temp .
° C




B - C ( DMSO)
Hz
1 30 5 5 - 14 . 5 260 - 24 277
1 30 10 5 282 282
1 30 15 5 289 288
1 30 20 5 294 294
1 30 30 5 305 303
B - C ( DMSO) B - C ( DMSO)
1 30 20 5 24 22 36 . 5 22 . 4
1 30 20 5 24 . 2 24 . 8
1 30 20 10 24 24 . 7
1 30 30 10 25 . 6 26
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0 0 . 4 0.8 1 . 2 1. 6
Al ( III ) : ACETONE= 1 : 10
YD / YH = BulkDHSO
H 2 O
yD / YH = CoorBneo
H 2 O
0 . 050 0 . 0553
0 . 1017 0 . 1013
0 . 2810 0 . 3571
0 . 3909 0 . 5025
1 . 0000 1 . 0000
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0 0 . 4
0. 8
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8 K = 0 . 02
Relatively poor acuracy , omitted
from square fitting .





AI ( NO 3 ) 3 - H 2 O - DMSO- acetone
AI ( III ) : acetone= 1 : 0
YD / YH yL / YH
0 . 171 0 . 145
0 . 324 0 . 387
0 . 497 0 . 589
0 . 657 0 . 785
1 . 031 0 . 750
1 . 385 0 . 889
K = 1 . 10 K = 0 . 03









































0 0 . 4 0 . 8 1 . 2 1 . 6
0 0 . 4 0 . 8 1 . 2 1 . 6
YD / YH
YD / YH
AI ( III ) : acetone= 1 : 5
AI( III) : acetone= 1 : 10
YD/ YHyD/ yH
0 . 1610 . 196
0 . 3200 . 417
0 . 4720 . 711*
0 . 6510 . 795
1 . 0290 . 770
K= 1 . 24K= 0 . 01
YD/ YHyD/ yH
0 . 1570 . 215
0 . 3270 . 370
0 . 4990 . 308
0 . 6600 . 716
1 . 0320 . 749
K= 1 . 08K= 0 . 02
Fig7 . SolvtionisothermforAI ( NC3 ) 3 in
H 2 O- DMSO- acetonesystems.
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AI ( NO 3 ) 3 - H 20 - DMSO- acetone
AI ( III ) : acetone= 1 : 15
YD / YH yD / yH
0 . 1581 0 . 2091
0 . 3174 0 . 4309
0 . 5015 0 . 4899
0 . 6660 0 . 7822
1 . 0262 0 . 7910
K = 1 . 14 K = 0 . 04















AI ( III ) : acetone= 1 : 20
YD / YH yD / yH
0 . 5000 0 . 5000
0 . 6743 0 . 6114
1 . 0149 0 . 8750
K = 0 . 94 K = 0 . 02















Fig 8 . Solvationis thermfor AI ( NO 3 ) 3 in H 20 - DMSO- acetone
systems.













Probableerror in K : K = 0 . 6745
l
Xi 2
( Yi - KXi) 2
( n - 2 )
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D. Discussion.
Snlvation by one component case: Al(III) in H2O-acetone system.
The data listed in Table 1 demonstrate the hydration number of
A1(III) in aluminium nitrate- water- acetone solution is 6 for
a wide range of concentrations, This is consistent with the
(10) in 3:1 and 2:1results obtained by Fratiello and coworkers
water to acetone mole ratio mixtures. Compare to the total hydration
number of Al(N03)3 determined from temperature effects on proton
shift (19), 13.4± 9, which includes the water-molecules in the
secondary sphere, the value of six suggests the ionic. species
Al(OH 2 )3 6+ exists as a distinct kinetic entity in these solutions
Alternatively, the number of six can be interpreted as an average
of the coordinated waters distributed among a variety of distinct
hydrated species C e.g. AlL(OH) 3' and fl l (OH2)+ etc.) and these
species exhibit the same proton chemical shift. Or it can be
interpreted as an average result from magnetically different
sites( e.g. Al (OH) 3+, A1(NO) (OH) 2+ A1(NO.A) 2 (OH 2)+n3etc.).
However, these alternative interpretations are r_ uled out
the coordination number of six persists in a wide range cf ti-water
and acetone concentration and is independent of temperature
( given that there are distinguishable complexed and bulk water
signals). The effect of acetone on the peak separation and
sharpness of the water proton signals is mark( Fig.4). The
sharpness of the signal( complexed) is due to the longer lfe-
time of a water molecule in the coordination sphere as a result
of slower. exchange rate due to lowering of the medium viscosity,
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Competitive solvation: Al(III) in H2O- DMSO- ace tore.
The DMSO molecules enter the solvation shell of Ai(III) in
H2O- DP-ISO- acetone systems. The fractional number obtained for
the solvation number indicates the value is a statistical aver-
age that can be considered as the macroscopic value of the sol-
vationnumber. The composition of the solution was systematically
varied and a total coordination number of six is obtainad over
all the composition range. The JMSO solvation no. was obtained
by integrating the bulk and complexed DMSO signals at room tem-
perature. At low temperatures while the compfexed water signal
is sharp enough to be integrated, the DMSO signals are seriously
overlapped. As mentioned previously the coordinating ability is
parallel to the basicity of the molecules. The ineffectiveness of
acetone to compete for the solvation in-the presence of two much
more basic solvents shows that the dipole moment effect in sal-
vation process is less important. This was also pointed out
by Fratiello(50). Tables 2, 41 6 all show the DMSO solvation
numbers increase as the concentration of DMSO increases. The
relationship between the bulk and the coordinated D 4SO an . water
will be shown latter. The trend of salvation number acpears to
be similar in the presence of chloride and nitrate as shown in
the tables, and in the presence of perchlorate ion as studied
elsewhere (50). This indicates that anions contribute less sicn-
ificant effect on the solvation process.
Bonding in the solvation sphere. Similar to the result
reported by W.L. Reynolds and coworker (48), the results listed
Tables 315.7 show the variation of chemical shifts with the solotio
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composition in different systems. Both B--C values( peak sepa-
ration of bulk and complexed signals). of water and D11`1J0 fall
into the trend that as water molecules decrease by substitution
of DMSO molecules in the solvation sphere of Al (III), the
values increase. This indicates H2O- A1(III) interaction is
stronger than DMSO- Al(III) in the solvation shell? and the sub-
stitution of H2O by DMSO causes a net increase of effective
metal charge on Al(III). This refects that charge transfer from
H2O to Al(III) is larger than from DMSO to Al(III) as explained
by Reynolds (4$) in the absence of acetone case. As the number
of DMSC becomes more in the solvation shell, the more localized
metallic charge makes the canonical structure Al(III)
become* important and the two methyl groups are less shielded by
the induced positive charge on sulphur atom, resulting in
shifting to lower field. The presence of acetone in the systems
lowers the dielectric constant of the medium, and renders the
' ligand' -.metal interaction stronger, therefore values appear to
increase slightly as the amount of acetone increases.
Temperature effects on the sol.vation_ on Ai (III The DI1SC, and
the water solvation numbers: were obtained by integrating the signals
separatedly-at high and low temperatures. The temperature range
is large, and a constant number of six for the total coordination
number, which is the sum of the DMSO and the water solvatien no.,
is obtained in all cases. This indicates the existence of a
kinetic entity Al(OH) (DT 1SO) 3+, (n+m=6), which is stable in
this temperature range. This temperature independence of the
Al(III) solvation shell composition is shown in Table 8, that the
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integratedwater and D 1 . 1 SC proton signals at different temperature
gave almost the same fractional solvation numbers . T he significance
of the invariance of solvation shell composition upon temperature
willbe discussedlatter . F rom a close examinationof the
variation of relative chemical shifts with temperature as listed
in T able 9 , it appearsthat values for DMSO changesas the tem -
perature changes , showing that there may be a dynamical equilibrium
in these systems . ( T he effectsonthe water signals are less
mark due to very slow exchangeat low temperatures. )
T hermodynamicalmodel for competitivesolvation of A 1 ( III )
in water - dimethylsulfoxide- acetonesystems. I n P art 1 . we have
discussed the thermodynamicalodel for cation solvation . A t a
given temperature the composition of bulk solvent and solvation
shell can be relatedby an isothermin a two - component( A , B )
solvating systems :
where y A is the mole traction or A in the solvationand YA
the mole fraction of A in the bu 1 k phase and the same definitions
apply K can be expressed by :to y and a F urthermore,3 YB
where AG 0 is the total free energy change associatedwith the
solvation process , R is the gas constant and T the absolute
temperature. S ince the soivation_ shell compositionof A l ( III )
in the water - DMSO - A cetone system is independentof temperature,
the K value is also independentof terroeraturewithin the tem -
peratureange studied. I n rig . 6 , 7 , and 8 , the linear plot
O f YDMSO' y H O versusVDXSOC/ YH 2 O for A 1 C 1 3 and AL ( N 0 3 ) in the
A / YB - = K ( YA / YB )
K = exp ( - cg 0 / RT )
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water-DI-ISO-acetone systems give the values of x k rrom Lne
approaching 1, which means that the solvation proceeded (the
transfer of a DI'-SO or water molecule in or out the soivati oz: sphere)
without any free energy change. Deviation from the model occurs for
DMSC to water ratio in bulk phase greater than 0.8, which may be
due to the change of solution structure and that the cation: is
preferentially solvated by water. Since the AG° term is defined by
where LS H, A S are enthalpy and entropy changes associated with
the solvation process, therefore
with the condition that K tending to one and being temperature
independent, AT term should be constant and tends to zero, and
L S° also should tend to zero. The activation enthapy H )
for exchange of a water molecule between the bulk and the comolex
sites was found to be 27 Kcal/mole in aqueous solution of Al(IIT)(24)
and L H value for D. i` 3C exchange of Al( III) in pure DMSO medium
is 20 Kcal/mole(46) dH term tends to zero may be explained that
the bulk solvent molecule undergoing exchange interacts strongly
with the cation by secondary sphere interaction therefore the
exchange process proceeds with very slight change in enthalpy,
On the other hand, the zero value of A S0 term reflects the
geometrical arrangement of the solvated cations has no significant
change that the li.gand exchange may proceed with retention
of configuration e Considering the possible pathways for the
exchange of licands between the bulk-and the free phase, four
routes are listed below:
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In nure DMSO medium the rate constant for licand exchance of
and in pure aqueous medium
the exchange of DNSC molecules is approximately
two times faster than the exchange or water, since AI
remains as constant composition entity, together with the condi-
tion that the exchanges involves the retention of conf iguraticn, it
is possible that the exchange paths 3, 4 are less probable in
the concentration range
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II. Kinetic Studies: Proton exchange stuaies.
a. Introduction
The proton exchange between the solvation sphere of Al(III)
cation and the bulk solvent phase in Al(NO3)3-H2O-DMSO-acetone
system is one example of magnetic nuclei exchanging between
two magnetically different sites with one site in large excess.
The rate and relevant kinetic parameters can be calculated from the
change of line-width as a function of temperature measured by
nuclear magnetic resonance method. The method has been outlined
in Part I. Water exchanges between these two sites for Al(III)
in aqueous systems were intensively studied by 170 N iR (23' 24)
Proton nuclear magnetic resonance studies to investigate the
proton exchange process for A1(III) in similar system had also
been carried out earlier (48, 51) The present study is to
rationalise the kinetic behaviour in the solvation of Al(I1I)
in these systems by the proton exchange rate calculated from
NMR method
Kinetic rathways of pro tcn exchange of Al (I TI) in acueous
solution: In 1968 D.W. Fong and E. Grunwald showed that the
proton exchange between Al (OH)263+ and H2O (of Al(III) in
aqueous systems) proceeded via two kinetic pathways, namely,
acid dissociation of Al (OH)263+ and the symmetrical proton transfer
involving the reaction between Al (OH)263+ and A125(OH) OH2+ and
two or more water molecules (51)., The aluminium Ion interacted
strongly with the neighbouring water molecules (water molecules
in the second solvent shell or beyond) that the proton transfer
involved the participation of this water molecule (s) in the
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kinetic unit. The kinetic processes could be understood by a
kinetic scheme which is analogous to that for a radical chain
reaction:
where
and n, g are probability factors.
The acid dissociation is fast enough to be analogous to
the chain initiation (K=1.1x105 sec -1) and as pointed out by
(48)
S. Thomas and w.L. Reynolds(48), the chain reaction would be much
shorter in water-DMSO mixture because many sites for dissociation
were replaced by DMSO and recombination of I(or I) with a
proton from the bulk solvent phase would terminate the chain re-
action.
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The solution structure of aqueous - Dxsc mixture. the
solution structure will have a decisive influence on the kinetic
behaviour of the cation solvation in this medium. Neutron in-
elastic scattering studies (52) showed the effect of dimethyl
sulfoxide on the water structure. At low concentration of DMSO,
the weak solute-water interactions caused a small and cooperative
pertubation in the orientation of the bonded H20 molecules.
The hydrogen bonds in water network would not be broken, and
the presence of DMSO caused a "rigidifying" effect on the
solution structure. At high DMSO concentration the situation
was different. Water structure was broken down by the increased
formation of hydrogen-bonded DMSO-water complexes. There was
a greater degree of association in DMS0-water solvent than in pure
solvent and the -0-H O-S bond was s trongger than the
-0-H H-O bond(53). The viscosities, densities, heat of
mixing (54) and other thermodynamic paramet rs all exhibit
maximum values in the concentration range of 0.3-0.4 mole




The materials, sample preparation, instrumentation and
spectral measurement were outlined in Section I of Part II.
The temperature programming of the samples was performed using
a JES-VT-3A Variable Temperature Controller equipped with the
NMR spectrometer. The sample in the probe was equilibrated for
at least half an hour, and the linewidth of the water proton
signals (average signal at high temperature and free water
signal at temperature below coalescence temperature) were
measured at half-height of the absorption peak. Average line-
width was obtained from three measurements of three scans.
The slow-passage condition was achieved by sweeping 9 ppm
sweep width in 250 sec. (0.03 Gauss/min). The average linewidth
of water proton absorption signal at 25°C in the absence of
cation was found to be 2 Hz. During the measurement of the
linewidths the RE level was kept low to avoid absorption peak
distort ion caused by saturation. Since the linewidth broadening
term, i.e., the net increase of linewidth at half-height of
the absorption signals contained all the chemical exchange
and the relaxation effects, therefore in appropriate temperature
range the rate constant for the exchange of protons between
solvation shell and bulk solvent sites was calculated from the
exression
Pb is the fraction of water proton in "bound" water molecules,
is the net increase in linewidth of the bulk water ahscrrtion
signals. The data points obtained for the rate constant values
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corresponding to different temperatures were substituted into
the equation of Transition State Theory to compute the activation
parameters by the method of least squares:
therefore loci k
H and S can be obtained from the above equation, and
the exchange rate constant at 25°C can also be found by
extrapolation to high temperature
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C. Results,
Figure 9 shows the bulk water proton 14MR signals of Al (Nn,)
in H2O-DI 1SO-acetone of mole ratio 1:30:5:10 at four different
temperatures. In the temperature range above -14.50C and below
240C the linewidth changes were dictated by the chemical exchang
of protons between the water in solvation sphere and the free
water. The lower temperature limit was set at -14.5°C when no
significant narrowingsof the free water signals were observed,
and the high temperature search was stopped until the average
water signal narrowing began. Figure.10 shows a plot of line-
width broadening versus the reciprocal of absolute temperature
f or representative compositions. The dotted lines extrapolating
to higher temperatures correspond to the natural linewidth of
free water signals in the absence of exchange and relaxation
effects in this system. For simplicity this value was chosen
from the average water proton linewidth in pure aqueous solvent,
2 HT. In Figure 11, the temparature depenence of
(i.e.p/1b(t/1-i/t2a), the temperature dependening broadening trtm for the
bulk water proton signals of one representative composition) is
summarised. The ?b value, the mole fraction of the bound water
molecule was calculated from the coordination number data. As
confirmed by N.A. Matwiyoff in the study of different system (55)
the linear region of steep slope in the temperature range
3.3 103/T,-3.8 should correspond to the process dependent on
that is, the third limiting case discussed in section IF of
Part 1, where the relaxation by T2M was fast and the linewidth
broadening was controlled by the rate of chemical exchange. he
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temperature profiles for the sample of various compositions are
summarised in Table 10.
Table 10 Temperature profiles of free water signals linewidth
broadening in Al (N03) 3-H2O--DMSO-CH3C0CH3 systems.
IComposition(mole) TempHydration
DM Z0H2O ace-Al No. 0 C
tone
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Fig. 12 shows the plots of the log k versus
1/T for some
representative compositions. Note that the curve is linear
indicating the log T term is negligible. Table 11 listed the'
rate constants and activation parameters for water proton exchange
in the Al(N03)3- H2O- DMSO- acetone systems. For comparison
these data are tabulated in Table 12 in the array of comparing





Fig 9. Variation of water proton NMR signals of Al(NO3)3in H2O-DMSO-acetone
at different temperatures.
AI(NO3)3'H20'DMSO'acctonc
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Table 11 Rate constants and activation parameters for watcr-
proton exchange at 2 5C in the A i (NN03) 3-H2O-DINSC-
aceton e systems. (in the array of comparing different
amount of DMSC)
Composition(moles)
H2OAl MSO ace tone
C10 +130 5 1407I
7.3 0.3 32.7301 10
-180.530 7.815 1.71
-1 730 20 41 1.3 8.2 0.4
0.230 30 0.7 8.81 2
-1430 40 9.80.41 0.3 2
30 5 7.5 .0.351 10.6
-91 30 10 5 10.03.4 0.2 2
5
-8 =20.215 5 2.61 30 10.3
0.4201 530 1.1 8.0 e 3
=30.23030 51 0.7 9.2
-230 5 10 =0.71 6.6 11.6 -5
A10 A101 30 3,8 0.511.3
30 10 7.81 1.4 0.8
30 20 101 L c 0.4
8.73C 10301
8 1530 51 8.1 9.8 0.0
-10 151 30 10.53.3 0.5
1415301 15 1.4 +29.0 .0.2
30 201 15 1.6 Oro 1.o10.1
-1730 30 151 0.40.6 6.4
'15I 1-3230 301 1.2 3.7 .0.0
3
-3220301 30 0.9 4.0 0.5
3v 30301 0.7 7.6 0.0.0
-29 -430 401 0.9 .4.8 0.6
K(*10-3 sec-1) h(Kcal/mol) s(e.u.)
15
1.1














Table 12 Rate constants and activation parameters for water--
proton exchange at 2 5°C in the Al (NO3)3-H2O-DMSO-
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Effect of solution compositions on the proton exchange rates.
Table 11 listed quantitatively the relation between the amount
of dimethyl sulfoxide present and the proton exchange rate cons-
tants for water in A 1(NC3) 3- H2C- DMSO- CH3C0CH3 systems. The
addition of DMSC drastically decreased the rate (from a rate
constant 14.7 x 10 3 sec -1 to o.4 x 10 3 sec-1 tin the first set
in Table 11), and the effect is most significant during the
DMSO to Al(III) mole ratio changes from 5 to 10. These large
differences in rate constants (and also in activation parameters
in these composition regions. indicate a possible change in
mechanism when more DMSO were added to the system. Comparing the
rate constants and activation parameters, the kinetic behaviours
of the proton exchange reaction in these systems fall essentially
into three regions relating to the solvent structure of the medium,
At low concentrtion of DM.S0, the proton exchange rate is fast,
the activation enthalpies are about 10- 11 Kcal/mole, an the
activation entropies are largest-2- -8 e.u.). In this mtsion
the small quantity of DMSO molecules causes a- ri gidifyi nq effect
on the hydrogen bonded network. At higher concentration of
DNSO, formation of DMSO- H2O complex by hydrogen bonding and
dipole association in the solution is significant, the rate of
proton exchange is slowed down. In this region H values are
around 8- 9 Kcal/mole and S+ about -15- -210 e .u.. The third
region is when large amounts of DMSO and acetone are present in
the system. The acetone is sufficient to eliminate the interac-
tion between the. DMS0- H20 complexes and thus this complex
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is tightly "bonded". The exchange rates in this region is the
slowest, H values are smallest and S values are below -20
e .u.. On the other hand, Table 12 shows that the presence of
acetone in these systems contributes much less effects on the
proton exchange rates and the activation parameters o Acetone in
these systems acts as a diluent. It exerts an effect of
structure- breaking on the DIISO- H2O hydrogen bonded network.
The added amount of acetone and the variation of kinetic parame-
ters exhibit a competition between the acetone structure- breaking
and the DMSO structure- making effects in the solution. Note
that the rate constants and activation parameters listed in
Tables 11 and 12 correspond to proton transfer rather than from
the exchange of whole water molecules. The 170 NMR studies (24)
showed that for the exchange of water molecules the activation
enthalpy was 27 Kcal, mole and the activation entropy 28 e. u..
Mechanism of proton exchange in Al(NO3)3-- H2O-- DMSO acetone3 3
systems. Although the kinetic data are limited and prelim mar vr,
they shed a light to elucidate the mechanism of proton transfer
between the coordination sphere of A1. (III) and the 'bulk phase in
H2O- DMSO- acetone systems. Figure 12, a plot of log k v.
over a large temperature range yields a linear relationship
which indicates the possibility of only one mechanism dominating
over this temperature range. The rate constants and activation
parameters in these systems exhibit trends that can be explained
in terms of the mechanism proposed for the proton transfer in
pure aqueous systems (51) where the proton transfer can proceed
via the acid dissociation pathway or the symmetrical proton
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transfer involving the intermediate (H20) 5A1(CH)2: HOH. (HCH)AL(CH2)3
The participation of the neighboring water molecules which
carries the proton for exchange is important in the proton
transfer process in this systems. This water molecule interacts
)strongly with the A1(III) cation that the enthalpy change ( H )
tends to zero as it is transferred in or out the solvation sPhere.
This was shown in section 1. D of Part II The rate of proton
exchange was significantly slowed down by the increased amount
of DMSO, which altered the solvent structure and eventually
formed complex with water in the solvent phase. This reduces the
amount of free water molecules and the probability for a water
molecule to approach the solvation sphere is greatly reduced.
Therefore the rate determining step involves the diffusion of
water molecules to the proximity of Al(III) solvation sphere
and participate in the proton transfer process. It is helpful
to consider the possible pathway that the whole water molecule
Is exchanged. In 1958 A.W. Adams( 56) interpreted the solvolysis
of Cr(III) as through a front side bimolecular displacement
process involving cooperative hydrogen bonding interaction
between the anion and the solvent. This mechanism was designated
as SN2 FS (FS for front side). The intermediate for this
mechanism is shown in Fig. 13. It can be shown that the water
molecule was hydrogen - bonded both by the leaving ligand and
the inert ammine group, and the process can be identified as
"solvent- assisted dissociation". This picture is suitable
to explain the water exchange between the solvation shell and





Fig. 13 Intermediate for the solvolysis of
in hand. The water molecule located adjacent to the solvation
sphere was readily hydrogen- bonded and the exchange of this
molecule with another H2O molecule in the solvation sphere
proceeded with very slight change in entropy, resulting in the
retention of configuration (oS0 tended to zero). This ligand
exchange process is expected to be assisted simultaneously by
the proton transfer process. The possible intermediate for the
different proton exchange pathways are shown in rig. 14. The
first intermediate corresponds to the predominant mechanism at
high concentration of the A1( III). As mentioned in section l .A.
of$ rt I., at higher aluminium concentration the associated
dieter concentration is significant, and the probability for an
acid dissociated A* to encounter another Al(H 2 0)n (DMSO) 3+ is
n m
high, and the symmetrical proton transfer path is most likely,
The formation of the activated complex for proton transfer
process with the neighbouring water molecule causes a small
change in activation entropy( small S ) because of more




















Fig 14intermediates for proton exchange reaction. of
different pathsays .
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corresponds to the first region discusses earlier. At lower
concentration of aluminium ion, that is when more DMSO were
added, the monomeric form is important, proton transfer pro-
ceeds essentially with the acid dissociation path. The
possible intermediate is shown in Fig. 14. The SN1 mechanism
was proposed by Fiat and Connzck(24) for the hydration water
exchange for Al(III) in pure aqueous system. This may he the
case when the DMSO concentration is very low.( The average DMSO
solvation number is less than or equal to 1, water exchange by
SN1 mechanism does not change the unique configuration
Al(OH2)5(DMSO)1+). Drastic change in kinetic behaviour with
the initial increasing DMSO fracticn may be due to a deviation
from SN1 mechanism to SN2FS because of the two factors arising
from the addition of DMSO: increase of effective metal charge
increases the metal-ligand interaction, and decrease in
dielectric constant of the medium increases the metal-licand
electrostatic attraction , rendering the SNl mechanism unlikely.
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PART III. Preliminary coordination studies of some cations
in mixed solvent systems
I. Aluminium nitrate in water - acetone systems under the
influence of oxalate ion.
A. Introduction.
In Part II. we have shown the existence of the kinetic
entities Al (OH) 3 6 and Al (OH 2)n (DMSO)m 3+ in the aqueous acetone
and the aqueous- dime thyl sulf oxide.- acetone systems. The
coordination ability of the solvent molecules is parallel with
their basicity, and the cation does. not discriminate the water
and the DM.SO molecules for solvation in a certain concentration
range. In this section we shall examine the hydration phenomenon
when some coordination sites of the aluminium ion have been
occupied by the excellent chelating reagent, oxalate. Oxalate
ion is a bider.tate ligand that complexes with the aluminium
effecti %e? y. Cot. cal density measurement on the Al3 +-c3 c4 -
systems over a brcad pHrange showed the instability constants
for the three ions AIC 2 O 4, A1(c2o4) 2, A1(c 2o4) were 5.5×10-8
1.4×10-5, 4.9×10-2 respectivelyThis reflects theoxalate
ion coordinates the cation readily therefore is considered as
an inert ligand during the solvation of the cation which it
attaches. The hydration number and the hi`MR spectral characteristics
of Al(III) in aqueous acetone systems should altered in the
presence of oxalate ion. From these information an attempt was
to elucidate the structural characteristics of the hydrated
cation in these systems.
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n, r.XUer1n1e 1lLdl•
E. Merck G.R. grade oxalic acid (dihydrate) was dried in an
oven at a temperature below 100°C for about an hour until the
residue dehydrated oxalic acid was constant weight. Known
quantity of this dehydrated oxalic acid was transferred to the
aluminium nitrate aqueous acetone solution. The solubility
range of the oxalic acid in these systems is narrow, therefore
the composition of the solution was limited to a low concentration
of oxalic acid. Sodium oxalate (E. Merck, G.R. grade) was used
without further purification. The aluminium nitrate solution was
prepared as mentioned previously, and the procedures of spectral
measurement were outlined in section I.B. of Part II..
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C. Results and discussion
Table 13 Hydration number and relative chemical shifts of
free and complexed water signals in Al (N03) 3--H20--
acetone--Na2C2On4 system.
Hydration! Temp.com Mos i ticn (moles) B-C
Hz0 CNo. nNa2C204CH3000H3H2 OAl(NO3)
-50 2805.818 0.031 16
-50 2535.718 32 0.031
-50 2845.818 0.081 18














Number cited is an average of five integrations.
B-C denotes the separation of the free and the complexed
water proton signals.
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Table 14 Hydration number and relative chemical shifts of free
and cornplexed water proton signals in Al (NO3) 3-H
CH3000H3-H2C204 systems.
compositicn(mole ratio) TempHydration
A1(NO3)3 HZH2O 0 CCH-A CCCHq H2 C204 no, n*
-501 24C30 0.39 5.815
094.51 23230 15 5.5
1 22630 5.415 0.47
1 30 2240.5115 5.1
1 30 20015 0.67 4.6
1 30 1°S3.515 0.75
1 30 1900.8015 3.3
301 0.95 2.9 170-15
-50401 0.36 515.615
40 2471 15 0.43 5.5
401 15 0.45 2425.5
40 15 0.46 5.51 242
151 40 0.62 4.1 230
151 40 0.63 4.2 224
1540 0.661 4.1 224
-500.2950 15 5.31
15 0.4350 4.51 250
15 0.621 50 4.2 22 7
0.7815501 2.9 225
15 0.94501 2.4 210
1.1715 1.6501 166
50 15 1.37 1.11 170
Number cited is an average of five integrations.





The hydration numbers and the peak separations of the frce
and complexed water proton signals for aluminium nitrate in
water-- acetone-- sodium oxalate mixtures are listed in Table13.
Since the proton spectrum of aqueous solution of sodium oxalate
consists a single resonance line at all temperatures, corresond-
ing to an average shift of theproton in the normal water and
the hydrated water environments. The effect of the sodium ion
on the solvent molecules is small and unsignificant. The
perturbation of this monovalent cation is thus neglected as com-
paring to the drastic effects of the multivalent aluminium cation.
In the second column of the table listed the hydration numbers
of the aluminium cation which had complexed with the oxalate ion
to a certain extent. The coordination number of A1(III) in
aqueous acetone systems is six. Deviation from this value is
considered as a consquence of complexation with oxalate ion,
but the hydration numbers listed in Table 13 are smaller than
the values found by simple stoichiometric calculation taking in
account of the moles of. oxalate present. Thus the particica zi on
of oxalate ions in the Al (III) salvation sphere may other effeets
besides complexation. Since the molalities of sodium oxalate in
these solutions were small, the quantities of aluminium cations
were in large excess comparing to the oxalate anion, this induces
a possibility of competitive complexation of the Al(III) to the
limited numbers of oxalate-ions. Crossed complexed products
may be formed. The aluminium in these cross complexed products,
i.e. (Al2c2c4) 4+ bears a less effective metallic charge, here-
2
fore stablisation by solvation of polar water molecules is less
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effective as compared to the association of this cation with
nitrate anion forming contact ion-pair. The hydration numbers
in these cations are greatly reduced. Another alternative
explanation for the large decrease in hydration number in these
systems rr y involve the existence of four coordinated tetrahedral
species of oxalate aluminium complexes such as: Al (C2O4) (NC3)2-
which does nct carry any hydrated water in the primary sphere
of the cation. An equilibrium involving the detachment of
hydrated water in the Al(III) salvation sphere between the
species like Al(OH2)3+,Al(C2O4)(H2O)+, Al2(C2O4)(NO3)X(H2O)Y4-X
and Al(C2O4)(NO3)- etc.seems plausible, and the average hyaration
number of these species should be much smaller than that due only
to the two species Al(OH2)3+ and Al(C2O4)(H2O)+. At a constant
mole ratio of Al(III):H2 O:oxalate, the hydration number is
found to decrease as mole ratios of acetone in the system
gradually increase. This is consistent with the postulated
existence of contact ion-paired complex, because the more acetone
present reduced the dielectric constant of the medium hence
increased the electrostatic attraction force between the oxalato
aluminium cation and the nitrate. The relative chemical shifts
of the free and complexed water proton signals in these systems
are listed in the 4th column of Table 13. The peak separations
were enhanced as the amount of acetone in the system was increased.
This is due to the s tructure-breaking effect of acetone on the
water hydrogen-bonded network as mentioned earlier. The cher ical
shifts are close to the value of hexahydrated aluminium species
showing this species is the predominant one in the solution.
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In the other systems oxalic acid took the place of sodium
oxalate . Table 14 listed the hydration numbers and the
relative chemical shifts of the free and the complexed water
proton signals for Al ( III ) in aluminiumnitrate - - water - acetone
- oxalic systems . The acid dissociation constants for oxalic
acid are ka 1 = 5 . 9 x 10 - 2 and Ka 2 = 6 . 4 x 10 - 5 respectively. at
25 ° C . Thus larqe portion of the oxalic acid dissociatedinto
HC 204 - , and C 2 O 42 - existedas minor species. The hydrationnumbers
listed in Table 14 show a great change at oxalic acid to aluminium
cation mole ratio between0 . 5 to 0 . 6 . The data also exhibit a
less reduction than the values in sodium oxalate case at mole
ratio below 0 . 5 . The predominantspecies in this region may
be the hexahydratedAL ( OH 2 ) 6 3 + and the pentahydratedcomplex
( H 20 ) 5 A 1 ( HC 2 O 4 ) 2 + . This is in goodagreementwith the average
hydrationnumber( about 5 . 5 ) for the A 1 ( III ) in these solutions.
Mark decrease in relative chemical shift of free and complexed
water sicnals is observed as mole ratio of oxalic acid increased
gradually. This is expectedbecauseHC 204 - and C 20 4 2 - neutralized
the metallic charge therefore the protons on the coordinated
waters were more deshielded .
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II. Beryllium and Gallium salts in aqueous acetone systems.
A. Introduction.
Beryllium ion is divalent with ionic radius 0.31 X and
charge to radius ratio 6.5, which is greater than for any
other cation except H+ (39) This ion in aqueous solution is
tetrahydrated, and a very slow rate of water exchange with
Be was found The water
in the coordina,tibn shell were tightly bounded with the cation,
therefore exhibiting different properties comparing to the
aluminium ion case which was discussed previously. Aqueous
solutionsof beryllium salts are acidic owing to the hydrolysis
of Be(II) and the deprotonation of Be(OH2)24+ required only
100 msec(59) Proton NMR coordination number studies of Be(II)
in water and aqueous solvent mixtures were performed by dif-
ferent workers (10160)• An average coordination number of the
Be (II), 4, was confirmed by this method. But no satisfactory
explanation was given for the unsymmetrical complex patterns of
the water proton signals for the water in the solvation shell
of Be(II). Fratiello and coworkers(10)postulated that this might
arise from the different hydrated forms of Be(II) cations.
The three lines pattern was attributed to the near cis- or trans-
configurations of the two chloride atoms in the secondary sphere
of the solvation shell. The temperature effects on the water
proton linewidths and separations for Be(NO 3) 2 in H2O and D2 O
solutions were discussed by A. Farkes and coworkers (60). At
temperatures below -20°C complexed water signals appeared,
(OH2)24+ (K25OC=3 x104 sec-1)(22)
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and at lower temperatures, two other signals due to the cce.-
plexes were observed. In the present study, we hope to examine
the effect of introducing acetone to the mixed solvent on the
coordination mode of Be cation
Gallium is the congener of aluminium, their chemical
properties are similar. The acid dissociation constant for the
hydrated gallium ion in aqueous solution is K (Ga) =2 .5*10-3
(Ka(AL)=1.12*10-5).This shows that the gallium ion in
aqueous solution is subjected to extensive hydrolysis rendering
the solution quite acidic. Owing to the larger radius of Ga
(0.62 R), the lifetime of water molecules in the coordination
sphere was found to be much shorter (24). 170 magnetic resonance
study of the hydration of Ga3+ ion directly proved the exis .erce
(24)
of hexahydrated gallium ions(Ga(OH2)63+ in aqueous solution
Line width measurements showed that the activation enthaiotiy
for exchange between coordination sphere and bulk solvent pjaes
was much smaller than the value for aluminium ion, and a large
negative. entropy indicated a possibility of the formation c=
heptacoordinated intermediate during the water exchange process
Proton magnetic resonance study of the gallium salts in a ueous
(10,34,35)
and aqueous mixed solvents were carried out(10,34,35) Extensive
contact ion pair formation was detected for the gallium halide
system and evidences of the presence of both octahedrally an d
tetrahedrally complexed cations were gathered. The Raman s ectro-
scopic study indicated the gallium ion in concentrated hydro-
chloride solution was present as tetrachlorogallate GaCl4-(61)
This was mani esied by the low hydration number obtained at
(34)
high halide to cation. mole ratio in Fratiello's data.
The dominant s ecies in this system were GaCl-1 Ga(OH )3+
P 4 2 6
and GaCl (H O)( 3- n)+ that there was a slow equilibrium between
n 2 6-n
the hexahvdrated Ga3T and the tetrachlorogallate, and the
(35)
-n beinc the intermediateGaCl n (H 2 O) 6-n
Although the contact ion-pairing property of the gallium
ion in aqueous solution is evident, the species in these systems
cannot be identified quite unambiguously. The present research
is a preliminary work on the kinetics of proton transfer in
these systems utilizing proton magnetic resonance technique
as a probe to obtain more information on this aspect.
GaCl4 fast GaCln(H2O)(3-n)6-n +slow Ga(OH2)36+
92
B. Experimental
The beryllium nitrate solution was prepared from extra
pure (Merck) Hydrated beryllium nitrate. The concentration
of the soiuion was measured by treatment with a exchange
resin and titration of the resultant acid solution with suan
dardized sodium hydroxide solution according to the procedure
outline in Part II.. The values obtained were checked by
comparing with the result obtained for nitrate concentration
which in term was determined by treatment with anion exchange
resin (BDH Amberlite ion exchange resin, analytical grade,
IRA - 400 (Cl)) and the resultant chloride solution was titrated
by standard silver nitrate following the procedure of Vo1hard
method. Deviation of the results from the two methods of
determination should be within 0.5%. Density measurement and
more concentrated solution preparation were the same as mentioned
in Part II. reagent grade (Puriss) gallium nitrate (99.99%,
Fluka) was used to prepare the gallium solution. The gallium
nitrate solution concentrations were determined by employing both
the cation and the anion exchange resins.
Spectral measurement and the procedure of curve fitting to
obtain the kinetic data were the same as that described in
Section II. 3 of Part II..
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C. Results and Discussion.
The coordination number data for Be (NO3)2 i_n aqueous acetone
systems are li sted in Table 15. The acetone contents in these
systems were varied from a 2:1 water to acetone mole ratio to
a large excess of acetone. The coordination numbers were obtained
at low temperature when no significant change in 1 i ne-S'ha. of
the resonance signals was observed. The areas of the - ns . T.etri-
cal complexed signals gave a total coordination number of four
or less for Be (II). Fig. 15 showed the water proton I INiR spectrum
for a set of representative compositions and the variation of
the line-shape of the complexed signalswith the acetone con tent.
The chemical shift data for the free and the complexed water
signals in these systems are listed in Table 16. The major com-
plexed signal at lower field and the minor complexed signal at
higher field were about 40 Hz apart. both signals shifted to
lower field upon the increase of the acetone content. T'he data
listed above demonstrate the inner shell cation-anion complex
f ormation was occurring at high acetone content. The formeuden
of this inner-sphere complex at low acetone content was unfavror-
able because Be(II) was strongly solvated by water and the
nucleophilic substitution of this hydrated cation proceeded
slowly through a rate determining step involving breaking of
a strongcaton-coordinated water "bond". The addition of ace-
tone produced a reduction. of the dielectric constant of the
medium, thus increased the electrostatic attraction between the
anion and the cation. The different complexed signals may be
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c H 2 0
o mole ratio6 0 °C - 2 0 - 1 0 0
- 1 - 2 0 - 8 0
- 1 - 2 0 - 6 0
1 - 2 0 - 4 0
290Hz







2 6 6 Hz -
1 - 1 2 - 6
1 0 0 Hz
tiF ig 1 5 variationof protonmagneticresonancesp ctrumof E e ( NO 3 )
aqueous acetone systems at different corlpositions.
B e ( NO 3 ) 2 - H 2 O - CH 3 COCH3
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Table 15 Proton magnetic resonance coordination number for
Ee ( NC 3 ) 2 in water - acetonesystems.
Composition( moles ) Temp. Cation coordination
Be ( II ) H 20 acetone ° C no . ( H 20 )
1 12 6 - 62 4 . 1
1 12 12 4 . 0
1 12 18 3 . 8
1 12 24 3 . 9
1 12 30 3 . 8
1 12 50 3 . 5
1 20 5 - 60 4 . 1
1 20 10 3 . 9
1 20 15 3 . 8
1 20 20 3 . 6
1 20 40 3 . 5
1 20 60 3 . 7
1 20 80 3 . 6
1 20 100 3 . 2
Number cited is an average of five integrations
Table16 Prctonmagneticr sonancerelativechemicalshiftsof
the free and complexedsignalsof Be ( No 3 ) - H 2 O - aceuone
systems.
composition( moles)







1 12 6 - 62 266
1 12 12 276
1 12 18 282 241
1 12 24 282 242
1 12 30 284 244
1 12 50 290 250
1 20 5 - 60 260
1 20 10 275






2663 081 21 80
28 2683121 100
B-Cdenotes the separation(in Hz) of the free and cor:pi fixed
water orc ton signals at the lowest field strength
Zb-C2 dectes another complexed water pro.tcn signal appearIn:g
at hither i ield strength
Table 17 proton magnetic resonance hydration number and chemical
s i t data for gallium nitrate in water-acetone mixture
at 60 Hz
Hydration No. Chemical shiftTemp.Composition (moles)






Number cIted is an average of five integrations
denotes the separation in Hz of the free and comp i exed
water prcton signals.
Table 28 Rate constants and activation parameters for water-
ro ton exchange at 25 0 C in the Ga (NO3) 3-H20-acetone
Composido -.4(moles) k (x10 sec-1) Ht (Kcal/mole) (e. u.)
Ga(III) H2C acetone
1 20 10} 63.9 9.6 +0.8
1 20 20 82.8 10.3 X0.7 -1
2-0 30 118.6 12.0 +0.7 S
1 30 30 13.9 6 7 +0.1 -17






attributed tc the different hydrated species, Be(OH 2),
Be (NO 3) (CH and Be(No 3) 2 etc..The neutralization of the
metallic charges on Be(II) by the anions. in the complex caused
a serious cakening of the cation - coordinated water inter-
action. This is refected by the large separation betveen the
different complexed signals( 4OHz). The intensity of the
upfield complexed signal increased as the acetone amount in
the systems gradually increased. This is in harmony with tme
postulated formation of ion-pairing species as the dielectric
constant of the medium was reduced. The acetone in these
systems was an inert diluent which acted as a structure-breaker
on the hydrogen bonded net-work in the solution. The peak
se Para separations of the acetone signal (-CH3) and the complexed water
signal at the lowest field were nearly constant (-480 Hz) at
all compositions. This value indicates a lower limit of the
chemical shift for the tetrahydrated Be(II) species, The
replacement of two coordinated water molecules by an incoming
nitrate has been found in many cases such as hydration of
uranyl eation33 and the attenuation of hydration number shown
in Table revealed the presence of low hydration number
species, su sporting the postulated formation of Be (N03) (OH2)x X7
and Be (NO 32 L in these systems,
The results on the measurement of the hydration number of
gallium (Ill) in aqueous acetone systems are given in Table 17.
This number decreases from six obtained in pure aqueous solutions
of gallium chioride perchlorate andnitrate10 indicating
contact ion-pairing formation in these systems This is in
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agreement the previous results obtained for the gallium
halide in acueousacetonesystems( 3 4 , 3 5 ) . T he averagehydration
number is contributed by differently hydrated cationic species
in the solution . A s more acetone acetone is added the species
becomes more dominant resulting in a hyaration
number approachingfour . T he chemical shifts between the coor -
dinated water and the free water signals are comparableto the
data obtained for the hydrated aluminium ion , showing the natune
of the oxygen - cation binding in these two cases may be similar .
T he rate constant for the exchange of proton between the
solvation shell sites and bulk solvent sites in these systems
was calculatedfrom the expressionintroducedin P art I . :
where P b is the fraction of water protons in the coordinated
water molecules, is the increase in half - width at half - height
of the free water line . T able 1 8 listed the obtainedrate const -
ants at 2 5 ° c and the activationparametersdeterminedfrom a
log k vs T - 1 plot applyingthe equationderived from the T ran -
sition S tate T heory . I ncreases in proton exchangerates and
activation parameters( both H and S ) are observed as
the acetone contents in the systems are increased . T his is
different from the data found for aluminium hydration where
the presence of acetone slowed down the proton exchange rate .
T he data for water exchangein pure aqueous gallium salt ( by
1 7 ( 2 4 ) werek 2 5 ° c = 1 . 8 x 1 0 31 7 0 ) ( 2 4 ) werek 2 5 o C = 1 . 8 x 1 0 3 ( fromB 2 5 o C ) , H = 6 . 3 K cal/ mole
S = - 2 2 e . u . , pointingto a possibleSN 2 mechanismfor this
exchange . T he activation enthalpieslisted in T able 1 8 indicate
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the proton zransfer may result largely from the exchange of
the whole water molecules. The differences in the rate con-
stants and activation entropies for 1:20 and 1:30 cation to
water mole ratio suggest there may be two different mechanisms
for pr otcn exchange. At high water content the proton exchange
proceeds via SN2 mechanism of water exchange between the bound
and the free sites, therefore the kinetic data exhibit similar
to those round for pure aqueous system. At lower content the
exchange mechanism may be more SN1 character where the breaking
of the cation-coordinated water linkage is much easier in a
medium of lower dielectric constant. The much greater rate con-
stants for the Ga (NO3) (H20)2+ in the present case than that
for the Ga(CH2)6+ is reasoable since the compensation of a posi-
tive charge by the nitrate ion on a large gallium cation with
filled outer 4d orbital enables the coordinated water more
facile to leave. The acetone effect on the rate constants may
be explained in terms of the kinetic behaviour postulated above.
In 1:20 mole ratio of Ga (III): H20, the addition of acetone
reduces the dielectric constant of the medium. thus promotes the
exchange in 5N1 mode. At higher water content the acetone has
no significant effect and the exchange is SN2 in nature.
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